Abstract: Enhanced directional fluorescence emission (DFE) is crucial for the optical signal collection by spectrometer/microscopy in biological and medical detection. In this paper, we systematically report the enhanced excitation and DFE of quantum dot (QD) by silver nanoparticles (AgNPs) through theoretical calculations. A finite difference time-domain method is used in the calculations. By changing the size and the number of AgNPs, as well as relative position between QD and AgNPs, we found that when QD is in the middle of two AgNPs (the diameters of two AgNPs are 90 nm and 70 nm, respectively) and the spacing between them is 20 nm (surface to surface), the DFE is enhanced by 70 times compared to the QD on bare glass. The reason for the DFE enhancement is the geometrical scattering and localized surface plasmon resonance (LSPR) created by AgNPs. The enhancement is the largest when the peak wavelengths of geometrical scattering and LSPR are close to each other. Furthermore, we conclude that monolayer AgNPs play a main role in the DFE enhancement of monolayer or low-concentration QDs, and uniform-sized AgNPs are not the best choice for enhancing the DFE. This will be of significance for designing and developing high-sensitivity fluorescent biosensors and high-efficiency QD LEDs.
Introduction
Quantum dots (QDs) have excellent properties compared to common fluorescent materials, such as preferable photostability, wide excitation spectrum, narrow emission spectrum, and long fluorescence lifetime. Therefore, it is an ideal fluorescent tool and can be widely used in bio-sensing and bio-imaging [1] - [3] . Fluorescence enhancement is crucial to improve the sensitivity of bio-sensing and reduce the limits of bio-sensing. In previous work, we have reported enhanced excitation, emission and absorption of QDs by introducing dielectric photonic crystal and metallic photonic crystal structures [4] - [8] . Noble metallic nanoparticles and nanoantennas have also attracted wide interest due to the surface plasmon resonances (SPR) and great potential application in biosensors [9] - [16] . The SPR phenomenon of metallic nanoparticle was first reported in 1957 [17] , and then, it is found that when fluorescent materials are on metal surface or close to metallic structures, the fluorescence intensity would be greatly enhanced [18] - [20] . Besides, the metal-enhanced fluorescence can be controlled by the composition and shape of metallic particles, interparticle spacing and fluorophore-metal distance, for example, when fluorescent material is 10 nm away from the metallic particle surface, the light-emission can reach maximum [21] . Silver nanoparticles (AgNPs) were widely used to enhance fluorescence due to the low cost and low absorption in vis-near infrared wavelength. For instance, AgNPs and CdSe QDs were assembled to enhance the fluorescence [1] , "dioscorea batatas bean"-like AgNPs were reported to enhance the fluorescence of zinc oxide QDs [2] . The monodispersed and polydispersed AgNPs enhanced the fluorescence of dye for 23 times and 2-3 times, respectively [22] . The enhanced fluorescence is also related to the AgNPs sizes and fluorophore-AgNP distance [23] , [24] , but the work above did not investigate the detailed regulation and physical reason for the enhanced directional fluorescence emission (DFE).
In this paper, we will systematically detail the principle of AgNP-enhanced DFE. We propose a model to investigate the enhanced fluorescence and excitation of a single QD which is close to AgNPs. By changing the size and number of AgNPs, as well as relative position between QD and AgNPs, we found that when QD is in the middle of two AgNPs (the diameters of two AgNPs are 90 nm and 70 nm, respectively) and the spacing between them is 20 nm (surface to surface), the DFE is enhanced for 70 times compared to the QD on bare glass. We conclude that monolayer AgNPs play a main role in the DFE enhancement of monolayer or low concentration QDs, and uniform-sized AgNPs are not the best choice for enhancing the DFE. This will be of significance for designing and developing high sensitivity fluorescent biosensors and high efficiency QD LEDs.
Model and Methods
In this work, the finite difference time domain (FDTD) method [4] , [7] is used to theoretical investigate the enhanced fluorescence and excitation of QD by spherical AgNPs. The simulation area is (x, y, z) = (−1.5 : 1.5, −0.8 : 1.1, −1.5 : 1.5) µm. In the simulation, material parameters are obtained from the Handbook of Palik [25] . To investigate the enhanced fluorescence of a QD, we set the center wavelength of a dipole source as 610 nm and the full width at half maximum (FWHM) is 30 nm which acts as a CdTeMn QD [26] . The position of the dipole is (x, y, z) = (0.055, 0, 0) µm. Three oscillation directions of dipole (orienting in the x-direction, y-direction and z-direction) are studied. The boundary conditions are all set as perfectly matched layers (PMLs) in x, y and z directions to absorb the light. A plane power monitor is located at y = 1 µm to calculate the power of DFE from the dipole, the plane monitor area is (x, z) = (−1.5 : 1.5, −1.5 : 1.5) µm. Here, the "DFE" means the emission towards the region above the AgNPs. A plane electric field monitor is located at z = 0 µm to calculate the electric field distribution across the structure. To investigate the enhanced excitation of a QD, a normal-direction plane wave with the central wavelength of 380 nm [26] is injected in the y-direction from the top of QD. The distance between the plane wave source and the top surface of SiO 2 is 1 µm. The boundary conditions in x and z directions are Bloch boundaries. The boundary condition in y direction is PML. A point monitor is located in the position of the dipole to calculate the E 2 of excitation in time domain and frequency domain. , QD with single Ag sphere (hereafter referred to as "1-sphere"), QD with two Ag spheres (hereafter referred to as "2-spheres"), and QD with three Ag spheres (hereafter referred to as "3-spheres"), respectively, on SiO 2 substrate. A red dot represents the single QD, the blue region is biological environment, n = 1.5 represents its refractive index, and SiO 2 represents a glass slide. remains unchanged in the whole simulation. "D t ," "D l ," and "D r " are the diameters of spheres which are on the top, left, and right of "A," respectively. It was reported that when the distance between fluorescent nanoparticle and metal surface is 10 nm, the fluorescence intensity is the largest [21] . Therefore, we set a dipole at a distance of 10 nm away from the surface of "A" sphere and the Ag sphere on the right of dipole. Fig. 2(a)-(d) shows the calculated DFE power of three polarizations for the case of "0-sphere," "1-sphere," "2-spheres" and "3-spheres," respectively. As we can see from Fig. 2(a)-(d) , the power with dipole oriented in the x-direction reaches a much larger value compared to another two directions for the case of "1-sphere," "2-spheres," and "3-spheres." By observing the electric field distributions across Ag spheres, we can clearly see the coupling between AgNPs and dipole, when the oscillation of dipole is oriented in the x-direction, the electric field intensity is the greatest. We can conclude that the tangential dipole orientations (y-direction and z-direction) do not generate strong nanoparticle coupling [24] . Therefore, we choose x-direction oscillation of dipole in the following calculations.
Results and Discussion

Effects of Size and Distribution of AgNPs on DFE Enhancement
Curve "a-d" in Fig. 3 shows the DFE power of QD for the case of "0-sphere" and "1-sphere," as shown in Fig. 1(a) and (b) . We calculate and compare the cases of "D = 110 nm," "D = 90 nm" "D = 70 nm." As we can see, when "D = 90 nm," its peak power is larger than others and it is 13 times compared to the case of "0-sphere." Thus, to reach a maximum DFE power from a dipole, the diameter of "A" is set as 90 nm in the following calculations. To further study the physical reason of DFE enhancement, we also calculate the DFE power from the dipole beside one perfect dielectric (PEC) sphere instead of AgNP whose diameter is also 90 nm, 70 nm and 110 nm respectively (curves "e-g" in Fig. 3 ). From Fig. 3 , the power in "PEC-sphere" case is larger than the case of "0-sphere" but lower than the case of "1-sphere"; therefore, the enhancement of fluorescence is owing to both geometrical scattering and LSPR enhancement created by a Ag sphere [32] . For curves "b-d" in Fig. 3 , a red shift of resonance wavelength is clearly observed with the increasing diameter of Ag sphere, while no shift is observed for different size of "PEC-sphere" (curves "e-g"). We can confirm that the radiative damping of plasmon oscillation is mostly contributed to the red shift [33] . We note that the peak wavelength of curve "c" is the same as the curve "e-g," it is deduced that the enhancement is the largest when the peak wavelengths of geometrical scattering and LSPR are close to each other.
To explore the effect of the second sphere on the DFE enhancement, the diameter of sphere A is fixed as D = 90 nm in the case of "2-spheres." Fig. 4(a) -(c) reveals the far-field DFE power of QD for the case of "2-spheres" as shown in Fig. 1(c) -(e) respectively. The power is changing with "D t ," "D l " and "D r " (the value of "D t " is 110 nm, 90 nm, 70 nm, 50 nm, respectively, and the values of "D l " and "D r " are the same as that of "D t "). From Fig. 4(a) , we find that the power for the case of "2-spheres" (Fig. 1(c) ) is the largest when D t = 90 nm. Comparing to the case of "1-sphere" (D = 90 nm), the power for the case of "2-spheres" increases only a little except D t = 110 nm. In detail, when one Ag sphere is on the top of "A," the power first increases with the increase of "D t " and then decreases for the diameter of 110 nm. In Fig. 4(b) , we can see the power for the case of Fig. 1(f) ), the monitor is in a region of (x, y, z) = (−1.5:1.5, 1, −1.5:1.5) µm, and a dipole is oriented in x-direction (the values of "D t " are chosen as 110 nm, 90 nm, 70 nm, 50 nm, and the values of "D r " are the same as that of "D t "). Two dotted lines show the power for the case of "1-sphere" (D = 90nm) and the case of "2-spheres" (D = 90 nm, D r = 70 nm), respectively. "2-spheres" (see Fig. 1(d) ) decreases as "D l " increases, and all the power is below the power for the case of "1-sphere" (D = 90 nm). This is due to the excitation of SPR of Ag sphere on the left hand of "A" sphere and this can guide and absorb the fluorescence from QD, which weakens the DFE power. In Fig. 4 (c) , the power for the case of "2-spheres" (see Fig. 1(e) ) first increases with the decrease of "D r " and then decreases for the diameter of 50 nm. Obviously, all the power is much larger than the case of "1-sphere" (D = 90 nm), especially when D = 90 nm and D r = 70 nm, the power is 5 times more than that for the case of "1-sphere" (D = 90 nm) and 70 times more than that for the case of "0-sphere." In conclusion, the surrounding Ag spheres near the QD are playing a key role on the DFE enhancement and uniform-sized AgNPs are not the best choice for enhancing the emission.
From Fig. 4(b) , it is known that the DFE would be weakened as long as one Ag sphere is positioned on the left side of "A" sphere. Therefore, in the "3-spheres" study, two of the three Ag spheres are respectively on the right hand and on the top of "A". The power for the case of "3-spheres" is shown in Fig. 5 . The peak power is maximum when D r = 70 nm and D t = 70 nm, which is only about 1.2 times as much as the optimized case of "2-spheres" (D = 90 nm, D r = 70 nm). Consequently, it can be concluded that the Ag sphere on the top of "A" has little effect on DFE enhancement and monolayer AgNPs exhibit a dominant increase in DFE for of monolayer or low concentration QDs in LED or biosensing devices.
In order to investigate more details about the DFE enhancement, the electric field distributions at the wavelength of 610 nm for the case of "0-sphere," "1-sphere," "2-spheres," and "3-spheres" are obtained (see Fig. 6(a)-(f) ). Comparing with Fig. 6(a) , the electric field enhancement after adding one or more Ag spheres (see Fig. 6(b)-(f) ) is observed. This demonstrates that the coupling between AgNPs and QD leads to a larger electric field intensity in far-field range. In particular, when the QD is between AgNPs, the electric field is the strongest as shown in Fig. 6(e)-(f) . The AgNP on the left and top hand of "A" reduce the far-field electric field intensity due to the light loss caused by LSPR effect.
Enhanced Excitation of QD by AgNPs
In order to study the enhanced excitation by AgNPs, Fig. 7(a)-(c) shows the time-resolved E 2 at one point monitor located at the position of QD between the two AgNPs and the electric field distribution for the case of "0-sphere" and "2-spheres" (D = 90 nm, D r = 70 nm). It can be seen that the excitation of QD between two AgNPs is higher than that of the "0-sphere" case, but the enhancement factor is not too much compared to the "0-sphere" case ( Fig. 7(a)-(b) ). This is because the electric field between the two AgNPs is not the largest compared with the outer boundary region of the AgNPs (Fig. 7(c) ). However, the QDs are distributed randomly in the real QD devices, if the QD is located near the largest electric field region, the excitation of QD can be enhanced a lot compared to the "0-sphere" case. Both geometrical scattering and LSPR enhancement created by Ag spheres work together for enhancing the excitation of QD.
Conclusions
Enhanced directional fluorescence emission (DFE) is crucial for biological and medical detection. In this paper, we systematically presented the enhanced excitation and fluorescence of QD based on geometrical scattering and LSPR enhancement from AgNPs. The enhancement is the largest when the peak wavelengths of geometrical scattering and LSPR are close to each other. By changing the size and number of AgNPs, as well as relative position between a single QD and two AgNPs, the DFE of QD increased more than 70 times ("D" is 90 nm and "D r " is 70 nm) when its emission wavelength is from 595 nm to 625 nm. Therefore, we can conclude that a monolayer AgNPs exhibit a dominant increase in DFE for monolayer or low concentration QDs in LED or biosensing devices. Uniform-sized AgNPs are not the best plan for enhancing DFE. This will be of significance for designing and developing high sensitivity fluorescent biosensors and high efficiency QD LEDs.
